We report measurements of extremely large mid-infrared second-order susceptibilities due to intersubband transitions in an asymmetric quantum well, and selective suppression of these susceptibilities by proton bombardment of the sample. The measured second-order susceptibility for second-harmonic generation of 9.25-10.78 pm is in good agreement with theoretical calculations based on measured infrared absorption spectra, which show the lowest two intersubband transitions. The peak value of the susceptibility is 58 rim/V,, 320 times larger than the bulk nonlinear susceptibility of GaAs.
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Intersubband transitions in quantum wells have extremely large oscillator strengths and relatively narrow linewidths,' suggesting a variety of applications, including nonlinear optical frequency conversion.2-6 Previous experiments have found susceptibilities for second-harmonic generation (SHG) as large as 28 rim/V in quantum wells under a bias electric field7 and as large as 760 rim/V in asymmetric wells+* A large nonlinear susceptibility alone is inadequate for efficient nonlinear devices; means for phase matching are also necessary. An attractive technique for overcoming phase velocity dispersion, quasi-phasematching, involves periodic modulation of the nonlinear susceptibility.'+" In this letter we describe measurements of the infrared absorption of asymmetric quantum wells,"1'2 which show the allowed and the normally disallowed transitions, and measurements of the dispersion of the nonlinear susceptibility, which show resonances at these transition energies. We also demonstrate spatial modulation of the magnitude of the susceptibilities through proton bombardment. Figure 1 shows a diagram of the asymmetric quantum well and the subband wave functions. The sample, grown on a semi-insulating GaAs substrate by molecular beam epitaxy in a Varian Gen-II system, consists of a 1 ,Ltrn GaAs layer doped at iz = lO** cm -', a 500 A buffer region of undoped A10~ssGac~45A~, 50-periods of the quantum well structure, another 500 A buffer region of undoped A10,55Gae,45A~, and a 0.5 (Irn GaAs layer doped at n = lo'* cme3. The barriers of the quantum wei1 structure consist 0 of 80 A undoped A10,55Gac45A~, 10 A GaAs doped at n = 3x lOI* cmm3, 100 A undoped A10,5,Gac45A~, 10 A GaAs doped at n = 3 X lo'* cm -3, and 80 A undoped A10.55Gac,45A~. The we@ are undoped, and consist of 60 A A10,z,Gae79As and 35 A GaAs. The dopant in all cases is silicon. Thin GaAs layers are used for doping in the AlGaAs barrier to minimize DX center formation."
Knowledge of the intersubband transition energies and dipole matrix elements is necessary to model the optical properties of the quantum well structure. We obtain the envelope functions, $,, in the effective mass approximation by solving H+,, = E,$,, where E, is the energy eigenvalue.
We take the effective mass Hamiltonian to be
where 2 is normal to the layers. The dependence of the conduction-band potential U(z) and effective mass m*(z) on composition is taken from Ref. 14, and nonparabolicity is accommodated in the calculation by defining an energydependent effective mass m*(E) I5 according to h2k2/ 2m*(E) = E(k), where E(k) is the dispersion relation given in Ref. 16 . Solving Eq. ( 1) numerically, we find the dipole matrix elements (zij) = (r,!~~41/,[zj qj), and transition energies fiiRij= ( Ei .-E,) shown in Table I theoretical and the experimental values of the IAF2,. With this assumption, we find that the experimental IAF3, corresponds to jz31 1 = 7.2 A, 9% smaller than the theoretical value. The depolarization shifts" are a few meV, so that the 17.7 meV error in E,, is probably due to neglect of many-body effects, the approximate treatment of nonparabolicity, or deviations of the structure from the design values. The nonlinear polarizability for second-harmonic generations is given by18
where we have assumed only the ground state is populated, e is the magnitude of the electronic charge, and l/yii is the dephasing time. In the low density limit, ~(~)=N~ffcr(~'/L, where L is the period of the structure. The solid line in Fig.  3 is calculated in this limit, using Eq. (2) with the effective carrier density, the empirical values of (zsl), y2,, ysl, and the theoretical values for the other parameters.
states and the bulk GaAs substrate. For a fundamental beam polarized in the plane of incidence, propagating at an angle 0 with respect to 2 inside the sample, and polarized in the plane of incidence, the total second-harmonic power is given by Experimental values of x(2) were obtained from second-harmonic generation measurements using a grating tuned, Q-switched CO2 laser. The laser output was typically a train of 200 ns pulses with a peak power of 0.5 kW at a 100 Hz repetition rate, and was focused to a 50+m-diam spot on the sample. The generated second harmonic was detected by a photovoltaic InSb detector behind a sapphire filter. To extract the absolute value of ,$& the second-harmonic power generated in the quantum well sample was normalized to that generated in a 108+m-thick undoped GaAs plate in the same apparatus, using x&& = 1. Here, tW( 8) and t-$,(0) are the transmission coefficients from air to GaAs for the fundamental and from GaAs to air for the second harmonic, respectively, A(8) is a complex phase matching dependent factor, cp is the angle between a [ 1001 axis of the crystal and the intersection of the plane of the incidence with the surface of the wafer, and x$$ and x,!$~, are the nonlinear susceptibilities of the quantum well structure and bulk GaAs, respectively. Measurements of PzW vs p for Brewster angle incidence (einc = 73") and Pzw vs einc for 47 = 0 for a range of wavelengths are in good agreement with this expression, where tjinc is the angle of incidence. Figure 4 shows the secondharmonic pulse energy vs Oinc for a sample with asymmetric quantum wells (shown as diamonds) and a fit according to Eq. (3) (solid line). For comparison, data for a blank substrate are shown as a broken line.
The measured x$& at 9.25-10.78 pm is plotted in Fig.  3 . The agreement between theory and experiment is reasonable in view of the uncertainty in the device and material parameters, and the neglect of many-body effects. The largest value of ~6" w, measured at a fundamental wavelength of 10.78 pm, is 58 rim/V,, 320 times larger than the nonlinear susceptibility of bulk GaAs.
ControI of the x$,$ is important for device applications where phase matching is necessary. In Ref. 7, control of the sign and magnitude of x&, through an applied electric field was demonstrated. For many device applications, it would be more convenient to pattern x& without resort to applied fields. Here, proton bombardment is used to eliminate the carriers and thus reduce x&. To test this technique, we remove the 0.5 pm cap layer by wet etching, and then exposed the sample to six steps of room-temperature proton bombardment. The proton energies and doses were chosen to create a trap density at least three times the carrier density throughout the structure.20 After proton bombardment, an absorption measurement showed no resolvable intersubband absorption (less than 5% of the absorption of the undamaged region). The results of a second-harmonic generation measurement in the proton bombarded region are shown as the crosses in Fig. 4 . The measured second-harmonic pulse energies are indistinguishable from those for the blank substrate, indicating that, to the resolution of the measurement, the proton bombardment eliminated the nonlinear susceptibility due to intersubband transitions in the quantum wells.
In conclusion, we report measurement of the linear and the second-order susceptibilities due to intersubband transitions in a compositionally asymmetric quantum well. The linear absorption measurement shows both the l-2 transition and the 1-3 transition as expected. The resonant energies and relative absorption strengths of the transitions agree well with theoretical predictions. The measured &&I in the CO2 laser tuning range is also in good agreement with theory. The largest xj-$ measured is 58 rim/V.. Proton bombardment was used to pattern the magnitude of the susceptibilities, a technique which can be used for periodic modulation of ,Y$ to achieve quasi-phase-matching in a waveguide structure.
